Plastid transformation technology has been used for the analysis and improvement of plastid metabolism. To create a transplastomic plant with a complicated and massive metabolic pathway, it is necessary to introduce a large amount of DNA into the plastid. However, to our knowledge, the largest DNA fragment introduced into a plastid genome was only 7 kbp long and consisted of just three genes. Here we report the introduction of foreign DNA of 23-50 kbp into the tobacco plastid genome with a bacterial artificial chromosome (BAC)-based plastid transformation vector. It was confirmed that the introduced DNA was passed on to the next generation. This is the first description of plastid transformation with a large amount of foreign DNA.
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Key words: plastid transformation; bacterial artificial chromosome; tobacco Plastid transformation has been an important tool in determining the function of chloroplasts in higher plants [1] [2] [3] [4] [5] since it was first reported in tobacco (Nicotiana tabacum) by Svab and Maliga. 6, 7) In addition to basic research, in the past decade, plastid genetic engineering has invested plants with useful agronomic traits, including herbicide tolerance, 8) insect resistance, [9] [10] [11] [12] disease resistance, 13) drought tolerance, 14) heavy metal tolerance, 15) and oxidative-stress tolerance. 16) Furthermore, it has altered and improved plastid metabolism, opening up the possibility of plastid factories producing industrial materials [17] [18] [19] [20] and edible vaccines. 21) The metabolic pathways are administered by multiple genes, which are often organized as operons or clusters in the bacterial genome. For example, the eicosapentaenoic acid synthetic gene cluster from Shewanella putrefaciens consists of eight genes, and its size is 38 kbp; 22) the nitrogen fixation gene cluster from Klebsiella penumoniae consists of 20 genes and its size is 24 kbp; 23) and the polysaccharide production gene cluster from Streptococcus agalactiae consists of 16 genes and its size is 25 kbp. 24) Therefore, in order to incorporate such metabolic pathways into plastids, it is necessary to introduce more than 20 kbp of DNA into the plastid genome. However, to our knowledge, the largest of DNA introduced into a plastid genome to date was 7 kbp of the polyhydroxybutyrate biosynthesis operon, containing only three genes.
18) The reason a large DNA fragment has not been introduced into a plastid genome yet is thought to be the limitation on the size of the DNA that can be inserted into plastid transformation vectors. For example, the structural vectors commonly used in plastid transformation, pBluescript, 7) pUC, 25) and pCR2.1, 26) can take only up to 10 kbp of DNA.
In this study, to develop a technology for the introduction of a large amount of DNA into a plastid genome, we focused on the structural vector for plastid transformation and then created a bacterial artificial chromosome (BAC)-based plastid transformation vector, pTA500. Using pTA500, we succeeded in introducing 23-50 kbp of DNA into the plastid genome. Moreover, we examined the capacity of the plastid genome to accept large DNA fragments and the stability of the introduced DNA in the plastid genome.
Materials and Methods
Construction of BAC-based plastid transformation vectors. Plastid transformation vectors for long DNA were constructed based on the vector pCC1BACÔ (EPICENTRE, Madison, WI). PCR-amplification of DNA fragments was carried out by KOD plus DNA polymerase (Toyobo, Tokyo) according to the instruction manual. All of the PCR-amplified DNA fragments were sequenced and used for plastid transformation.
pTA05/aadA/GFP was constructed as follows: The Table 1 were annealed, and the resulting doublestranded oligonucleotide was inserted between NotI and SalI of pLD200 (GenBank accession BD174938). From the resulting plasmid, the DNA containing the rbcL (1,782 bp) gene and the accD (1,178 bp) gene from the tobacco plastid genome was excised with EcoRI and HindIII and inserted between the EcoRI and HindIII sites of pCC1BACÔ. The resulting vector was named pTA05 (Fig. 1a) . The aadA/GFP cassette including the rrn promoter-aadA-psbA terminator (Prrn-aadA-TpsbA) and the psbA promoter-gfp-psbA terminator (PpsbA-gfp-Trps16) was PCR-amplified from pLD601 (GenBank accession AB199889) with primer 3 (NheI restriction site underlined) and primer 4 (AscI restriction site underlined) shown in Table 1 . The NheI and AscI digested PCR product was inserted between the NheI and the AscI site of pTA05 to give pTA05/aadA/GFP (Fig. 1b) .
A series of pTA500 plastid transformation vectors harboring long stretches of DNA were constructed as follows: The aadA cassette (Prrn-aadA-TpsbA) was PCR-amplified from pLD6 (GenBank accession BD174931) with primer 5 (NheI restriction site underlined) and primer 6 (AscI restriction site underlined) shown in Table 1 . The PCR product was digested with the NheI and AscI and inserted between the NheI and the AscI site of pTA05. The resulting plasmid was named pTA500 (Fig. 1c) . Model large DNAs for introduction into the tobacco plastid genome were prepared from the cyanobacterium Cyanothece sp. TU126 following Golden et al. 27) After the DNA was partially digested with the MluI, it was incubated with dephosphorylated MluIdigested pTA500 in the presence of T4 DNA ligase (Takara, Ohtsu). Then the DNA was introduced into E. coli cells using TransforMax EPI300 (EPICENTRE) by electroporation (Bio-RAD, Hercules, CA) according to the instruction manual. Transformed cells were selected on LB-agar plates containing 12.5 mg/ml chloramphenicol and 100 mg/ml spectinomycin, and plasmid was extracted from transformants using a QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany). After the plasmid DNA was digested with MluI, the size of the DNA was determined by pulsed-field gel electrophoresis (PFGE) (Bio-Rad). pTA500-23, pTA500-30, pTA500-35, and pTA500-50, whose DNA was 23 kbp, 30 kbp, 35 kbp, and 50 kbp long respectively, were used for plastid transformation (Fig. 1d) .
Plastid transformation and regeneration of transgenic tobacco. Plastid transformation was done following Svab et al. 6) Tobacco (N. tabacum cv. Xanthi) plants were grown aseptically on agar-solidified medium containing MS salts 28) with 3% (w/v) sucrose. After leaves were placed abaxial side up on RMOP medium and cultured overnight, they were used for plastid transformation. Gold particles (0.6 mm in diameter), coated with 25 mg of transforming DNA, were introduced into the cultured leaves with a biolistic gun PDS-1000/He (Bio-Rad). After particle bombardment was performed as described elsewhere, 29) Spe r -shoots were selected on RMOP medium containing spectinomycine dihydrochloride at 500 mg/ml, rooted on MS agar, and self-pollinated to obtain transplastomic seeds.
PCR and long PCR analysis. Total DNA was isolated from leaves following Liu et al. 30) PCRs with ExTaq (Takara) were conducted by denaturing the DNA at 94 C for 30 s, annealing the primers at 55 C for 30 s, and DNA synthesis at 72 C for 4 min, for 25 cycles. Long PCR reactions with LA-Taq (Takara) were conduced by denaturing the DNA at 94 C for 1 min, additional denaturing at 98 C for 10 s, and annealing of the primers and DNA synthesis at 68 C for 15 min for 30 cycles to amplify large DNA. The PCR primer sequences are listed in Table 1 . The PCR and long PCR products were analyzed by electrophoresis on 1% agarose gels.
Southern blot analysis. Plastid DNA was embedded in the agarose gels, separated by pulsed field gel electrophoresis (PFGE), and blotted onto the membrane as follows: Leaf material (0.5 g) was cut into pieces, transferred to 15 ml of enzyme solution (1% Cellulase Onozuka RS, Yakult Pharmaceutical, Tokyo and 0.5% Macerozyme R-10, Yakult Pharmaceutical, in 0.6 M sorbitol) and vacuum-infiltrated to replace the intercellular air with enzyme solution. After incubation at room temperature for 3 h, protoplasts were recovered by centrifugation at 70 Â g for 5 min, washed 2 times with 0.6 M sorbitol, and resuspended with extraction buffer (0.33 M sorbitol, 1 mM MgCl . 6H 2 O, 2 mM EDTA 2 Na, 10 mM NaCl, 0.5 mM KH 2 PO 4 , and 50 mM HEPES-KOH, pH 6.2). Protoplasts were kept in chilled extraction buffer and then manually ruptured by shearing them with a metal needle 2 times. The disruptant was centrifuged at 100 Â g for 5 min, and then the crude plastid fraction was obtained as a pellet. The pellet was resuspended in buffer containing 0.33 M sorbitol and 50 mM HEPES-KOH, pH 7.6, and fractionated by discontinuous (75% + 25% for transgenic plants, 75% + 35% for the wild type) percoll gradient centrifugation at 200 Â g for 20 min at 4 C. The intact plastids banding at the cushion interface were recovered, washed, suspended in 0.33 M Sorbitol and 50 mM HEPES/KOH, pH 7.6, and embedded in agarose. The plastid blocks were chemically treated following Swiatek et al., 31) and embedded in 1% Pulsed Field Centified agarose (BioRad) gels in 0.5 Â Tris-borate EDTA buffer. After the plastid DNA was separated by the CHEF Mapper system (Bio-Rad) at 6.0 V/cm for 30 h with switching times ramped from 6.8 to 26.3 s, it was transferred to a Hybond-N1 membrane (Amersham-Pharmacia, Uppsala, Sweden) by the capillarity method.
The DNA probes used for Southern blot analysis were obtained as follows: A rbcL probe was generated by PCR with primers 7 and 8 shown in Table 1 cellular DNA as a template. The aadA probe was also generated by PCR using pLD6 (GenBank accession BD174931) as a template and specific primers 9 and 10 shown in Table 1 . The PCR products were gel purified using the Qiaquick Gel Extraction Kit (Qiagen) and labeled with the AlkPhos Direct Labelling and Detection System (Amersham). Prehybridization, hybridization overnight at 55 C to alkaline phosphatase-labeled probes, and subsequent washing of membranes was carried out according to the manufacturer's protocol. The hybridization signal was detected with FLA3000GR film (Fuji, Tokyo).
Results

Construction of BAC-based plastid transformation vector
To determine the plastid transformation efficiency of the BAC-based vector, we constructed plasmid pTA05/ aadA/GFP (Fig. 1b) . pTA05/aadA/GFP includes an rbcL-accD intergenic region, an aadA cassette, and a gfp cassette. The rbcL-accD intergenic region functions in the uptake of foreign DNA into the plastid genome via homologous recombination. The aadA cassette contained the aadA gene, which conferred resistance to spectinomycine on the plant and was used as a transgenic plant selection marker, under the control of the chloroplast rrn promoter (Prrn) and the psbA terminator (TpsbA). The gfp cassette contained the green fluorescent protein (gfp) gene under the control of the psbA promoter (PpsbA) and the psbA terminator (Trps16), and it was used as model foreign DNA. After pTA05/aadA/ GFP DNA was bombarded into 10 tobacco leaves, 129 primary shoots appeared on the selection medium supplemented with spectinomycine (Spe) in 3-8 weeks. Among the 129 primary shoots, 121 shoots exhibited green fluorescence derived from gfp cassettes, and the insertion of the gfp and aadA cassettes between rbcL and accD on the chloroplast genome was confirmed by PCR (data not shown). Based on these results, the plastid transformation efficiency was evaluated as approximately 12 events per bombarded leaf (Table 2 ). This value is similar to the 15 events per bombarded leaf reported by Fernandez-San Millan et al., 32) who used pBluescript as the structural vector in plastid transformation. Therefore, it was judged that the BAC plasmid was available to be used as a structural vector in plastid transformation.
Introduction of large DNA into the plastid genome Next we constructed a series of BAC-based plastid transformation plasmids, pTA500-23, pTA500-30, pTA500-35, and pTA500-50, that harbored 23 kbp, 30 kbp, 35 kbp, and 50 kbp of DNA respectively (Fig. 1d) . After each plasmid DNA was bombarded into 10 tobacco leaves, we analyzed primary shoots emerging over 3-8 weeks (Table 2) . We prepared genomic DNA from each shoot and examined the introduction of foreign DNA into the chloroplast genome by PCR. Due to the use of PCR primers whose sequences were located on the introduced DNA (Fig. 2a) , PCR-amplified DNA appeared at positions corresponding to the desired DNA sizes in the pTA500-23, pTA500-30, pTA500-35 DNAbombarded shoots (Fig. 2b) , but no PCR-amplified DNA fragment appeared in the pTA500-50 DNA-bombarded Spe r -resistant (Spe r ) shoots (data not shown), because the 50 kbp DNA was too large to PCR-amplify. So, in the pTA500-50 DNA-bombarded Spe r -shoots, we examined to determine whether the 50 kbp DNA was introduced between the rbcL and accD genes on the plastid genome by PCR with the plastid genome-specific PCR primer and the introduced 50 kbp DNA-specific PCR primer. PCR-amplified DNA appeared at positions corresponding to the desired DNA sizes in the pTA500-50 bombarded Spe r -shoots as well as in the pTA500-23-, pTA500-30-, and pTA500-35-bombarded ones ( Fig. 2c  and d) . Judging by these results, perhaps the DNA was transferred into the plastid genome by BAC-based plastid transformation vector pTA500. The results are summarized in Table 2 .
Analysis of the heredity of the introduced DNA in T1 lines
Last, we examined whether the introduced DNA was inherited by the next generation. After obtaining seeds of the regenerated transformants by self-pollination, we examined whether the introduced DNA existed in each T1 transplastomic plant. PCR analysis showed that the corresponding DNA was present in all T1 plants as well as in T0 plants (Fig. 2e, f, and g ). By Southern blot analysis, it was also confirmed that the introduced DNA existed in the plastid genome of all T1 transplastomic plants (Fig. 3) . When the rbcL probe was used, the wildtype plastid genome was detected as two signals at positions corresponding to its monomeric and dimeric forms, as reported by Deng et al. (Fig. 3b, lane 1) . 33) The plastid genome of the transformed lines was also detected as two signals, whose sizes were larger than the wild-type ones. Their sizes increased as the introduced DNA became larger (Fig. 3b, lanes 2-5) . When transplastomic-specific aadA was used as a probe, the result was indistinguishable from that obtained with the rbcL probe (Fig. 3c) , except that no signal appeared in the wild-type plants (Fig. 3c, lane 1) . Therefore, it was judged that the respective plastid genomes of transplastomic plants corresponded to the monomeric and dimeric forms harboring foreign DNA. Additionally, it is probable that these transformed lines had reached almost complete homoplasmy, because no signal from the wild-type genome was detected in transformed lines in Southern blot analysis. Taking all this together, it was concluded that the foreign large DNA was maintained in the plastid genome into the next generation.
Discussion
Metabolic engineering using a few genes through transformation of the plastid genome has been reported. 10, 15, [18] [19] [20] 34) However, to create a transplastomic plant with a newly introduced biosynthetic pathway composed of several genes, such as the eicosapentaenoic acid pathway, one has to consider several problems. For example, can the plastid transformation vector harbor such a length of DNA? How great a length of foreign DNA can the plastid genome accept? How stable is a large foreign DNA fragment in the plastid genome?
To introduce a large DNA fragment into a plastid genome, in this study we created a BAC-based plastid transformation vector, because the structural vector commonly used in plastid transformation appeared to limit the length of DNA introduced. First we determined whether the DNA sequence derived from the BAC vector was suitable for plastid transformation. Based on the result that transformation efficiency with BAC-based pTA05/aadA/GFP was equivalent to that with the commonly used transformation vector, 32) it appeared unlikely that DNA sequences in the BAC vector were harmful to the plastid transformation process. Moreover, with a series of BAC-based plastid transformation plasmids, we succeeded in introducing 23-50 kbp of Numbers of spectinomycine-resistant shoots that appeared on the spectinomycine-containing medium within 8 weeks of the bombardment of leaves. Numbers of positive shoots in which the introduction of foreign DNA was confirmed by PCR. Typical results are shown in Fig. 2b , c, and d. a), Number was provided by PCR using the plastid genome-specific PCR primer and the introduced DNA-specific PCR primer, because 50 kbp of DNA was too much to amplify by PCR. Typical results are shown in Fig. 2c and d. DNA into the plastid genome. These results indicate that the BAC-based plastid transfomation vector enabled the introduction of large DNA fragments into the plastid genome, because the plastid transformation methods were carried out according to conventional methods. The efficiency of plastid transformation with the 23-50 kbp of DNA was low compared with that the gfp cassette (1 kbp DNA), and there was a tendency for plastid transformation efficiency to decrease as DNA size increased ( Table 2 ). The low efficiency of plastid transformation is thought not to be a problem, because the plastid transformation efficiency (1-3 events per bombarded leaf) is enough to make transplastomic plants. We thought that the low efficiency of plastid transformation by large DNA fragments was a proper result, because the quantity (25 mg) of vectors for large foreign DNA used was the same as in the case of introducing the gfp gene (Table 2) . If it is necessary to introduce more than 50 kbp of DNA into plastid genome, the mol weight of the DNA for plastid transformation vector must be considered, depending size of the introduced DNA. Moreover, the length of the target sequence must be also considered. The BAC-based plastid transformation vector created in this study contained approximately 3 kbp of target sequence (Fig. 1a) . Kumar et al. 21) changed the size of the target sequence from 2 kbp to 4 kbp in order to enhance the efficiency of homologous recombination. Hence these conditions and this method of plastid transformation is a possible solution in improving the efficiency of plastid transformation by a large DNA fragment.
We have been interested in how long a DNA the plastid genome can accept, because the introduction of 7 kbp of DNA into the plastid genome has been reported as the largest DNA. 18) In this study, we found that the plastid genome can accept at least 50 kbp of foreign DNA, using BAC-based plastid transformation vector pTA500. The newly introduced DNA was passed on to the next generation (Figs. 2e, f, and 3b and c) . To confirm the inheritance of such a large DNA fragment in the plastid genome, it will be necessary to examine further generations. This is the first description of a plastid transformation system using a large amount of foreign DNA. Our system using pTA500 vector makes it possible to introduce DNA fragments of up to 50 kbp into the plastid genome. Therefore, a large DNA fragment, which contains a native operon, a gene cluster, and multiplexed genes for useful metabolic pathways as found in various microorganisms can be introduced into a plastid genome using our system. Additionally, novel metabolic pathway-associated gene clusters and operons have be found in bacterial genomes recently. It should also be possible to introduce DNA coding for such that metabolic pathways as found in microorganism genome databases into the plastid genome to create plastid factories producing novel bacteria-derived metabolites. 
